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A solar concentrator was designed using a detailed one-dimensional numerical model previously developed to describe the heat and 
fluid-dynamic behavior inside a compound parabolic concentrator (CPC). The governing equations (continuity, momentum and energy) 
inside the CPC absorber tube, together with the energy equation in the tube wall and the thermal analysis in the solar concentrator were 
solved. 
Two CPC geometries were proposed based on numerical simulation and commercial availability of materials; one of this is tested in this 
work. 
A ray tracing analysis was made for this configuration to quantify optical energy losses due to truncation. Then, a module with aperture 
area of 2.1 m2 was constructed. The module has 12 CPCs, each one with real concentration ratio of 1.8, acceptance angle of 30°, and a 
tubular receiver covered by a selective surface. 
An experimental setup was designed and built to test different operational conditions for the module; for example mass flow rate and 
inlet temperature. The experimental setup has the following elements: The CPC, two water storage tanks, a recirculation pump, and a 
support structure that allows positioning the CPC at different angles. 
Experimental results obtained using the Mexican standard NMX-ES-001-NORMEX-2005 show that this technology could be able to 
supply stable temperatures for industrial processes. However, a new prototype is going to be developed and constructed in order to 
improve some manufacturing errors detected in these experimental tests. 
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Nomenclature   
A Cross section area [m2] 
e Specific energy (h+v2/2+gz sin ș) [J/kg] 
g Acceleration due to gravity force [m/s2] 
h Enthalpy [J/kg] 
I Solar irradiance [W/m2] 
m Mass [kg] 
.
m  Mass flow rate [kg/s]   
p Perimeter [m] 
P Pressure [Pa] 
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.
q  Heat flow per unit area [W/m2] 
Q Heat energy [W] 
t Time [s] 
T Temperature [°C] 
v Velocity [m.s-1] 
xg Vapour quality [dimensionless] 
Greek letters 
¨P Pressure drop [Pa] 
¨T Temperature difference [°C] 
¨z Axial discretization step [m] 
Ș Efficiency [dimensionless] 
ș Inclination angle of absorber tube [degree] 
ȡ Density [kg/m3] 
Ĳw Shear stress  [Pa] 
ࢥ Two-phase frictional multiplier [dimensionless] 
Subscripts 
amb Ambient 
g Gas 
in Inlet 
l Liquid phase 
u Useful 
Superscripts 
_ Arithmetical average over a control volume 
~ Integral average over a control volume 
 
1. Introduction 
Solar energy collectors transform solar radiation into heat and then transfer this heat to a fluid [1]. The compound 
parabolic concentrator (CPC) is a versatile solar collector due to the amount of applications and geometries that can be 
used [2], it is an excellent candidate for thermal energy supply of industrial processes [3] particularly for low and medium 
temperature ranges [4]. A CPC receives solar radiation during a good number of hours each day without the need of 
tracking the sun, besides, it is capable to collect some diffuse radiation [5].  
 
There are several fields of application of solar thermal energy to medium temperature level. The most important is the 
heat production for industrial processes, such as sterilization, pasteurization, drying, distillation, adsorption and absorption 
cooling, etc. (See Table 1). 
Table 1: Industrial applications for process heat low and medium temperature [6] 
Industrial sector Process 
Temperature range 
(°C) 
Food and beverages 
Pasteurizing 80-110 
Drying   30-90 
Washing            40-80 
Chemical industry 
Heat treatment            40-60 
Boiling     95-105 
Steam 95-105 
Textile industry 
Washing            40-80 
Bleaching  60-100 
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2. Numerical model 
The concentrator was designed using a previously developed one-dimensional model that solves with a finite volumes 
method in a segregated manner the fluid flow inside the receiver tube (in one or two-phase flow), the heat conduction in 
the receiver tube wall, and the heat transfer in the solar concentrator. The initial conditions introduced in the numerical 
model were the geometry of the CPC, the boundary conditions, the location (latitude and longitude), date and time of the 
test. With this information, the model can predict the increment of temperature between the inlet and outlet of the CPC, the 
energy gain by the transport fluid, efficiency and  pressure drop as well as other flow variables, along the system [7]. 
 
The numerical analysis was carried out by means of a control volume method. The discretized equations were coupled 
using a fully implicit step-by-step method in the flow direction. From the know values at the inlet section and the guessed 
values of the wall boundary conditions, the variable values at the outlet of each control volume were iteratively obtained 
from the discretized governing equations: 
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Energy equation 
> @       zpq
t
mee
t
PA
t
e
m
t
e
m
t
m
eeeemem llz
l
l
g
g
g
lg
i
i
lgg
i
il ' w
w
w
w'
w
w

w
w

w
w
»
¼
º
«
¬
ª



.~.~ ~
~~~
~~
1.1         (3)                 
 
Where I~  represents the integral volume average of a generic variable I over the control volume and I its arithmetic 
average between the inlet and outlet of the control volume. 
The subscript and superscript indicate 
> @ iiii XXX   11 ,  i.e., the difference between the quantity X at the outlet section and the inlet section. 
Thermophysical properties were calculated using matrix functions of the pressure and enthalpy obtained using the 
REFPROP version 8.0 [8]. 
 
,...,,      where),( UIII gxThP                                (4) 
 
2.1. Numerical Results 
 
Two geometries of CPC reflector were proposed based on a copper cylindrical receiver with external diameter 0.016m. 
The receiver was selected due to its commercial availability and cost. Geometric configuration proposal are shown in 
Table 2 and Fig. 1. 
Table 2. Proposed CPC configurations 
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Parameter 
Configuration 
Y (30°) 
Configuration 
Y (40°) 
Receiver tube material Copper Copper 
Receiver External diameter (m) 0.0160 0.0160 
Receiver Nominal diameter (m) 0.0127 (1/2 in) 0.0127 (1/2 in) 
Reflector Width (m)  0.0904 0.0700 
Reflector Height (m) 0.0570 0.0360 
Acceptance angle (degree) 30 40 
Real CPC concentration 1.80 1.40 
Aperture area 2.1 2.1 
Total area 2.52 2.52 
Number of CPCs in the collector 12 16 
Receiver Length (m) 1.925 1.925 
Mass flow rate at the module (kg/min) 2 2 
Solar irradiance (W/m2) 750 750 
Inlet temperature (°C) 30 30 
Truncation height (m) 0.0441 0.0350 
 
 
 
Fig.1. Proposed CPC configurations. 
 
Under conditions listed in Table 2, both geometries were simulated with the numerical model in order to choose the 
better one. Table 3 shows the results obtained in terms of temperature increment (¨T), useful energy gain by the transport 
fluid (Qu), efficiency (Ș), and pressure drop (ǻP). 
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Table 3. Results for the CPC configurations.  
Parameter Configuration Y (30°) 
Configuration 
Y (40°) 
ǻT  (°C) 7.89 8.53 
Qu  (W) 89.14 71.37 
Ș  (dimensionless) 0.68 0.68 
ǻP  (Pa) 4.07 3.00 
 
Based on Qu, the Configuration Y (30°) is selected. The final design of the CPC module has an aperture area of 2.1 m2 
and contains 12 CPC’s, each of one has a real concentration ratio of 1.8, an acceptance angle of 30° and 0.044 m for 
truncation height.  
 
Materials used in the collector and their optical characteristics are:  
 
x Reflector, anodized aluminum with a reflectance of 0.90. 
x Receiver, copper tube with a selective surface with an absorptance value from 0.88 to 0.94. 
x Cover, low-iron tempered glass with non-specular transmittance of 0.91. 
 
 
3. Ray tracing technique 
Ray tracing technique is an optical tool used for refracting and reflecting surfaces, this evaluates optical performance of 
a concentrator in order to determine distribution and intensity of sun rays on the receiver [9]. 
 
Tonatiuh software [10] is an open source Monte Carlo ray tracer for the optical simulation of solar concentrating 
systems. It simulates incidence and reflection of sun rays and quantifies the energy flux that reaches the receiver surface.  
 
In order to quantify the amount of energy losses by CPC truncation, a simulation with Tonatiuh was conducted with the 
truncated and non-truncated final designs. The parameters used are shown in Table 4 and Figure 2 shows the ray tracing 
numerical simulation. The configuration of the reflectance in the material of the receiver is possible, taking conditions 
close to reality. 
 
Table 4. Parameters for Tonatiuh simulation 
Receiver 
radius (m) 
Acceptance 
angle 
(degrees) 
Truncation 
height (m) 
Reflector 
reflectance 
Length 
(m) 
Number of 
simulated rays 
Irradiance 
(W/m2) 
Sun Position (degrees)
Azimuth / Elevation 
0.008 30 0.0441 0.90 1.925 1,000,000 1000 0 / 90 
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Fig.2. Visual ray tracing numerical simulation in Tonatiuh software 
 
 
Table 5 shows the energy gain in the receiver for truncated and non-truncated CPC. The percentage of energy losses by 
truncation is 6.7%. However, in this configuration 42.4% of material is being saved by truncation. Last fact makes 
truncation economically attractive. 
 
 
 
Table 5. Numerical results of Tonatiuh software for  the CPC. 
 Height truncated Non-truncated % of energy losses by truncation 
Total Power at Absorber [kW] 0.153 0.164 6.7% 
Minimum Flux at Absorber [kW/m2] 0.112 0.0981  
Maximum Flux at Absorber [kW/m2] 3.209 3.322  
 
4. Experimental setup 
The experimental setup shown in Fig. 3 consists basically in the CPC module, two water storage tanks, a recirculation 
pump, and a structural support that allows positioning the module at different angles. The experimental setup also contains 
diverse measurement instrumentation and a data acquisition system. The variables registered every 3 seconds were 
temperatures, mass flow rate, pressure drop, global solar irradiance in the collector plane, and wind speed and direction. 
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Fig 3. Experimental setup 
 
The experimental setup is installed at the Instituto de Energías Renovables - Universidad Nacional Autónoma de 
México located in Temixco, Morelos (18°51” N 99°14” W and 1219 m over the sea level with an average solar irradiance 
of 20.05 MJ/m2 per day and ambient average temperature of 23.1ºC). 
 
 
5. Results 
The experimental tests were performed with water as working fluid, in a range of temperatures from 30 to 60°C and 
mass flow rate from 2 to 12 kg/min. 
 
Figure 4 shows the thermal efficiency curve. The equation for the curve is presented and the slope represents thermal 
heat losses, while intersection with the vertical axis is an indicator of the optical efficiency without thermal losses. 
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Fig 4. Numerical and experimental thermal efficiency results with mass flow rate of 12 kg/min.  
 
 
The difference between the experimental and numerical results is mainly due to manufacturing errors and lack of 
insulation to prevent convective losses. Particularly, talking about optical efficiency indicated by intersection with the 
vertical axis, losses are due to the difficulty to place receiver 1mm away from reflector involute, avoiding touching each 
other to prevent conductive losses. 
 
Figure 5 shows the increment of fluid temperature against mass flow rate. Test was realized with a continuous mass 
flow rate during 25 minutes in order to reach steady state conditions. The maximum increment of temperature in the water 
was 7 °C for mass flow rate of 2 kg/min, Tin equal to 42.5°C, Tamb equal to 35.6°C, with solar irradiance in the collector 
plane of 1054 W/m2; this increment of temperature was reached after 15 minutes of test for steady state conditions. On the 
other hand, the minimum increment of temperature was 1 °C at 10 kg/min, Tin equal to 42.4°C, Tamb equal to 36.7°C, and a 
solar irradiance in the collector plane of 927.5 W/m2. 
 
 
Fig 5. Increment of wáter temperatura versus mass flow rate.  
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Figure 6 shows the experimental results for the useful energy gain per the transport fluid depending of the inlet 
temperature (Tin). The maximum useful energy gain was 1.47 kW with a mass flow rate of 12 kg/min, a solar irradiance on 
the collector plane of 1026 W/m2 and a Tamb equal to 36°C. 
 
 
Fig 6. Useful energy gain in transport fluid (water). 
 
Figure 7 shows the experimental pressure drop behavior at different mass flow rates. Pressure drop increases as mass 
flow rate increases due to friction losses. The highest pressure drop obtained was 1.2 kPa at mass flow rate of 12 kg/min. 
 
 
 
Fig 7. Pressure drop in the collector.   
6. Conclusions 
A design, construction and characterization of a CPC collector were carried out. The collector developed has 12 CPCs 
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of a real concentration rate of 1.8, acceptance angle of 30°, truncation height of 0.044 m and collector aperture area of 2.1 
m. 
 
The collector was tested at different inlet temperatures and mass flow rates with average solar irradiance in the collector 
plane of 940 W/m2 and ambient temperature of 35.2 °C during the test days. 
  
The maximum increment of temperature was 7 °C was obtained with a mass flow rate of 2 kg/min, (Tin equal to 42.5°C, 
Tamb equal to 35.6°C, with solar irradiance in the collector plane of 1054 W/m2), while the highest useful energy gain was 
1.47 kW at a mass flow rate of 12 kg/min (a solar irradiance on the collector plane of 1026 W/m2 and a Tamb equal to 
36°C). 
 
During experimental tests, some manufacturing errors were detected in the CPC construction. The following step 
includes the correction of manufacturing errors in order to improve CPC performance and tries to be competitive with 
other plane and evacuated tube collector actually commercialized.  
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